. Endothelin blockade augments pulmonary vasodilation in the ovine fetus. J. Appl. Physiol. 81(6): 2481-2487.-The physiological role of endothelin-1 (ET-1) in regulation of vascular tone in the perinatal lung is controversial. Recent studies suggest that ET-1 contributes to high basal pulmonary vascular resistance in the normal fetus, but its role in the modulation of pulmonary vascular tone remains uncertain. We hypothesized that high ET-1 activity opposes the vasodilator response to some physiological stimuli such as increased pressure. To test the hypothesis that ET-1 modulates fetal pulmonary vascular responses to acute and prolonged physiological stimuli, we performed a series of experiments in the late-gestation ovine fetus. We studied the hemodynamic effects of two ET-1 antagonists, BQ-123 (a selective ET A -receptor antagonist) and phosphoramidon (a nonselective ET-1-converting enzyme inhibitor) during mechanical increases in pressure due to partial ductus arteriosus compression in chronically prepared late-gestation fetal lambs. In control studies, partial ductus arteriosus compression decreased the ratio of pulmonary arterial pressure to pulmonary artery flow in the left lung 34 6 6% from baseline. Intrapulmonary infusions of BQ-123 (0.5 µg/min for 10 min; 0.025 µg/min for 2 h) or phosphoramidon (1.0 mg/min for 10 min) augmented the peak vasodilator response during ductus arteriosus compression (52 6 3 and 49 6 6% from baseline, respectively, P , 0.05 vs. control). In addition, unlike the transient vasodilator response to ductus arteriosus compression in control studies, ET-1 blockade with BQ-123 or phosphoramidon prolonged the increase in flow caused by ductus arteriosus compression. In summary, ET A -receptor blockade and ET-1-converting enzyme inhibition augment and prolong fetal pulmonary vasodilation during partial compression of the ductus arteriosus. We conclude that ET-1 activity modulates acute and prolonged responses of the fetal pulmonary circulation to changes in vascular pressure. We speculate that ET-1 contributes to regulation and maintenance of high pulmonary vascular resistance in the normal ovine fetal lung. endothelin receptors; pulmonary hypertension; persistent pulmonary hypertension of the newborn; nitric oxide; pulmonary circulation; BQ-123; phosphoramidon PULMONARY VASCULAR RESISTANCE is elevated in the normal fetal lung, as pulmonary blood flow accounts for ,8-10% of the combined ventricular output of blood from the heart (19). Mechanisms responsible for the maintenance of high pulmonary vascular resistance in the fetus may include physical factors, such as lack of an air-liquid interface or ventilation, relative low oxygen tension in comparison with the newborn, decreased vasodilator activity, or, perhaps, increased vasoconstrictor activity (6, 16, 43) . Endothelium-derived products, including vasodilator stimuli such as nitric oxide and prostacyclin, and vasoconstrictor stimuli such as leukotrienes and endothelin contribute to vascular tone in the fetal lung (6, 11, 13, 16, 23, 43, 46) . These endothelial products may contribute not only to basal tone in the fetal lung but also may modulate responses to physiological stimuli such as increases in pressure (11).
PULMONARY VASCULAR RESISTANCE is elevated in the normal fetal lung, as pulmonary blood flow accounts for ,8-10% of the combined ventricular output of blood from the heart (19) . Mechanisms responsible for the maintenance of high pulmonary vascular resistance in the fetus may include physical factors, such as lack of an air-liquid interface or ventilation, relative low oxygen tension in comparison with the newborn, decreased vasodilator activity, or, perhaps, increased vasoconstrictor activity (6, 16, 43) . Endothelium-derived products, including vasodilator stimuli such as nitric oxide and prostacyclin, and vasoconstrictor stimuli such as leukotrienes and endothelin contribute to vascular tone in the fetal lung (6, 11, 13, 16, 23, 43, 46) . These endothelial products may contribute not only to basal tone in the fetal lung but also may modulate responses to physiological stimuli such as increases in pressure (11) .
Endothelin-1 (ET-1) is a potent vasoactive peptide in the fetal lung (23, 46, 47) ; however, its role in the fetal lung is uncertain. Acute infusions of ET-1 in the fetal pulmonary circulation cause vasodilation (7, 8, 31, 51) , but this response is transient, and pulmonary hypertension predominates with prolonged infusion (8, 30) . On the basis of the acute vasodilator effects during brief infusions, some authors (7, 51, 52) suggest that the primary physiological role of ET-1 in the ovine fetal lung is vasodilation. However, other studies (23) (24) (25) 46) suggest that ET-1 has predominantly vasoconstrictor properties in the fetal lung.
ET-1 is a 21-amino acid peptide that is produced primarily in vascular endothelial cells on cleavage of its 38-amino acid precursor, Big endothelin-1 (Big ET-1). Big ET-1 is converted to ET-1 by the metalloprotease endothelin-converting enzyme (ECE-1) (54), which is inhibited by the metalloprotease inhibitor phosphoramidon (39) . ET-1 is released in response to several stimuli, including hypoxia (14, 15, 26, 29, 47) , increased pressure (20) , and shear stress (5, 27, 38, 41) . In response to these stimuli, ET-1 causes both acute responses, such as vasodilation or vasoconstriction (8, 23, 25) , as well as chronic changes, such as smooth muscle proliferation (18, 48, 49, 56) . However, the role of ET-1 in response to increases in pressure in the fetal lung is not known. Study of the effect of ET-1 antagonists during increases in pulmonary arterial pressure may allow for further understanding of the acute and prolonged role of ET-1 in modulation of fetal pulmonary tone.
We hypothesized that ET-1 contributes regulation of fetal pulmonary blood flow primarily by causing vasoconstriction. To further examine the role of ET-1 in the ovine fetal lung, we studied the hemodynamic effects of the ET-1 antagonists, BQ-123, a selective ET A -receptor blocker, and phosphoramidon, a nonselective ECE-1 inhibitor, on the hemodynamic response to partial ductus arteriosus compression in the chronically prepared late-gestation fetal lamb.
breed (Columbia-Rambouillet) pregnant ewes between 125 and 130 days gestation (term 5 147 days) were fasted 24 h before surgery. Ewes were sedated with intravenous pentobarbital sodium (2-4 g) and anesthetized with 1% tetracaine hydrochloride (3 mg) by lumbar puncture. Ewes were kept sedated with pentobaribital sodium but breathed spontaneously throughout the surgery. Penicillin (500 mg) and streptomycin (1 g) were administered to the ewe at surgery. Under sterile conditions, the fetal lamb's left forelimb was delivered through a uterine incision. A skin incision was made under the left forelimb after local infiltration with lidocaine (2-3 ml, 1% solution). Polyvinyl catheters were advanced into the ascending aorta and superior vena cava after insertion into the axillary artery and vein. A left axillary to sternal thoracotomy exposed the heart and great arteries. Catheters were inserted into the left pulmonary artery (LPA) and main pulmonary artery (MPA) by direct puncture through pursestring sutures, as previously described (3). Catheters were guided into position with a 14-or 16-gauge intravenous placement unit (Angiocath; Travenol, Deerfield, IL). In four animals without a ductal occluder, a left atrial catheter was placed for measurement of left atrial pressure. Catheters were secured by tightening the purse-string suture as the introducer was withdrawn. The LPA catheter was inserted at the bifurcation of the MPA and the ductus arteriosus and guided through the common pulmonary artery into the LPA. The MPA catheter was inserted between the ductus arteriosus and the pulmonic valve. In five animals, a 10-mm inflatable occluder (In Vivo Metric, Heldsburg, CA) was loosely placed around the ductus arteriosus to avoid any compression before the study period (1). A 6.0-mm ultrasonic flow probe (Transonics, Ithaca, NY) was placed around the LPA to measure blood flow to the left lung. The thoracotomy incision was closed in layers. The uteroplacental circulation was kept intact, and the fetus was gently placed in the uterus, with exposed surfaces bathed in warm towels. Ampicillin (500 mg) was added to the amniotic cavity before closure of the hysterotomy. Ampicillin (250 mg) was infused daily in the fetal vein and amniotic cavity during the first 3 days after surgery. The ewe was allowed to recover, and no further anesthesia was given. Studies were performed after a postoperative recovery time of 48-72 h.
Physiological Measurements
Flow transducer cables were attached to an internally calibrated flowmeter (Transonics, Ithaca, NY) for continuous measurements of LPA flow. The absolute values of flows were determined from phasic blood flow signals obtained during baseline periods, as previously described (28, 32) . Zero flow was established by studies in which animals were killed with a Transonics LPA flow transducer in place. Based on these data, zero flow correlated with end-diastolic flow on the Transonics flowmeter. A correction factor between the internally calibrated zero point and end-diastolic flow was added to the mean flow on the Transonics flowmeter. The value obtained from this method correlates with previoulsy determined measures of LPA flow in the late-gestation ovine fetal lung (28) . The aortic, MPA, and amniotic cavity catheters were connected to a Gould-Statham P23 ID pressure transducer and recorder. Pressures were referenced to the amniotic cavity pressure. The pressure transducer was calibrated with a mercury column manometer. Heart rate (HR) was determined from the flowmeter or phasic pulmonary blood flow tracings. Calculation of resistances are reported as left lung total pulmonary resistance (RL; mmHg · ml 21 · min 5 mean MPA pressure/LPA flow). Blood samples for pH, PCO 2 , PO 2 , and hemoglobin were drawn from the MPA catheter before, during, and after partial ductus arteriosus compression and were measured at 39.50°C with a Radiometer OSM-3 blood gas analyzer and hemoximeter (Radiometer, Copenhagen, Denmark).
Experimental Design
Protocol 1: hemodynamic response to 2 h of partial ductus arteriosus compression after ET A -receptor blocade (n 5 5 animals; mean gestational age 5 130 6 2 days). During the control study, the ductus arteriosus was compressed by progressive inflation of the vascular occluder with saline, until mean MPA pressure was increased to 10 mmHg above baseline values. Mean MPA pressure was kept constant throughout the study period by readjusting the degree of inflation of the occluder, as determined by continuous monitoring of mean MPA pressure during the 2-h study period. LPA flow and aortic pressure were measured during ductus arteriosus compression. After 2 h, the occluder was rapidly deflated, and hemodynamic measurements were recorded for 30 min.
On alternate days and in random order, BQ-123 (Peptides International, Lousiville, KY; 1 mg/ml saline) (0.5 µg/min for 10 min) was infused directly into the LPA immediately before ductus arteriosus compression. The dose of BQ-123 selected for the study was determined from previous dose-response studies, which demonstrated blockade of Big ET-1-mediated pulmonary hypertension for at least 1 h after treatment with BQ-123 at 0.5 µg/min for 10 min (23). However, BQ-123 at this dose may lower basal pulmonary vascular tone, and other authors have reported vasodilation with much higher doses of BQ-123 (51) . Therefore, to determine whether continuous infusion of BQ-123 at a lower dose was as effective as BQ-123 at a dose of 0.5 µg/min for 10 min, we studied the effects of low dose BQ-123 (0.025 µg/min for 2 h) during prolonged infusion in the LPA in four animals without a ductal occluder. To determine whether a low dose of BQ-123 achieved sufficient ET A -receptor blockade, Big ET-1 (1.5 µg/min in the LPA) was infused before and 1 h after treatment with low dose of BQ-123 (n 5 4). Finally, low dose of BQ-123 (0.025 µg/min for 2 h) was infused during prolonged ductus arteriosus compression.
Protocol 2: hemodynamic response to 2 h of partial ductus arteriosus compression after ECE-1 inhibition with phosphoramidon (n 5 5 animals; mean gestational age 5 130 6 2 days). After 30 min of baseline hemodynamic measurements, saline or phosphoramidon (Sigma Chemical, St. Louis, MO; 10 mg/1 ml saline or 1.0 mg/min for 10 min phosphoramidon) was infused in the LPA. The vascular occluder was inflated to compress the ductus arteriosus until mean MPA pressure increased at least 10 mmHg above baseline values (as described above). This dose of phosphoramidon has no effect on basal pulmonary tone but it blocked Big ET-1-mediated pulmonary hypertension for up to 2 h after treatment (25) .
Data Analysis
Data are presented as means 6 SE. Statistical analysis was performed with the analysis of variance Super ANOVA software package (Abacus Concepts, Berkeley, CA). Comparisons were made by using univariate repeated measures by linear contrast analysis. P , 0.05 was considered significant. 
RESULTS

Protocol 1: Hemodynamic Response to 2 h of Ductus Arteriosus Compression After ET A -Receptor Blockade
During the control study, inflation of the ductus arteriosus occluder increased mean MPA pressure from 41 6 3 mmHg at baseline to 55 6 4 mmHg (P , 0.05), which was maintained constant throughout the study period (Fig. 1) . During ductus arteriosus compression, LPA flow increased 59 6 6% above baseline values at 20 min (P , 0.05) (Fig. 2) . However, LPA flow fell steadily toward baseline after 50 min, despite constant compression (Fig. 1) . RL initially decreased by 34 6 6% from baseline at 30 min (Fig. 3) (P , 0.05); however, despite constant compression, RL progressively increased and was not different from baseline values by 70 min (Fig.  1) . RL increased by 16 6 8% from baseline by 120 min (Fig. 3) . Mean aortic pressure, pH, PCO 2 , PO 2 , and hemoglobin did not change from baseline during the study (Table 1) . HR increased during compression from 170 6 4 to 188 6 5 beats/min at 120 min of ductus arteriosus compression (P , 0.05).
BQ-123 (0.5 µg/min in saline for 10 min) augmented the vasodilator response during ductus arteriosus compression (Figs. 2 and 3 ). Mean pulmonary arterial pressure was increased by ductus arteriosus compression to identical levels achieved during the control study (Fig 1) . Maximal LPA flow at 30 min of partial ductus compression was 117% greater than control value (P , 0.05) (Fig. 2) , and, unlike in the control study, LPA flow remained elevated above baseline values throughout the 2-h study period (P , 0.05) (Fig. 1). RL was lower than control from 10 to 100 min of ductus compression (P , 0.05) (Fig. 1) and was greater than control at 120 min (Fig. 3) . Baseline values for aortic pressure, pH, PCO 2 , PO 2 , hemoglobin, and HR did not change (Table 1) .
Continuous infusion of low doses of BQ-123 (0.025 µg/min for 2 h in the LPA) did not alter basal pulmonary vascular tone in the fetus. Baseline values for LPA flow (126 6 17 ml/min), mean pulmonary arterial pressure (47 6 8 mmHg), mean aortic pressure (44 6 5 mmHg), and RL (0.42 6 0.10 mmHg · ml 21 · min) did not change during the 2-h intrapulmonary infusion of BQ-123 at this dose. Similarly, pH (7.34 6 0.02), PCO 2 (53 6 3 Torr), PO 2 (19 6 1 Torr), hemoglobin (7.2 6 1.2 g/dl), and HR (142 6 beats/min) did not change from baseline during the infusion of BQ-123. Infusion of BQ-123 at 0.025 µg/min for 1 h attenuated the rise in RL caused by Big ET-1 ( Table 2 ). Blood gas variables including pH (7.39 6 0.02), PCO 2 (44 6 5 Torr), PO 2 (19 6 1 Torr), and hemoglobin (7.3 6 0.4 g/dl) did not change before and after Big ET-1 infusion.
Low dose of BQ-123 (0.025 µg/min for 2 h) also augmented pulmonary vasodilation during ductus arteriosus compression (Fig. 1) . Mean MPA pressure was maintained at similar levels to those in the control study. BQ-123 at this dose augmented LPA flow, compared with control ductus arteriosus compression. LPA flow was elevated above baseline values from 30 to 120 min (P , 0.05), and peak LPA flow at 30 min of partial ductus arteriosus compression was greater than control value (P , 0.05). RL was significantly lower than control from 30 to 120 min of partial ductus compression (P , 0.05) (Fig. 1) . Baseline values for aortic pressure (41 6 3 mmHg), pH (7.30 6 0.03), PCO 2 (50 6 2 Torr), PO 2 (21 6 3 Torr), hemoglobin (6.8 6 0.4 g/dl), and HR (165 6 12 beats/min) did not change.
Protocol 2: Hemodynamic Response to 2 h of Partial Ductus Compression After ECE-1 Inhibition With Phosphoramidon
Phosphoramidon augmented pulmonary vasodilation in response to ductus arteriosus compression (Fig.  4) . Mean MPA pressure was increased by 10 mmHg above baseline for the 2 h of partial ductus compression (P , 0.05) and was maintained at similar levels to those in the control study (Fig. 4) . LPA flow increased by 52% above control (Fig. 2 ) and was elevated above baseline values from 10 to 120 min (P , 0.05). Peak LPA flow at 30 min of partial ductus arteriosus compression was greater than control value (P , 0.05). RL was significantly lower than control from 10 to 150 min of partial ductus compression (P , 0.05) (Figs. 3 and 4) . Baseline values for aortic pressure, pH, PCO 2 , PO 2 , hemoglobin, and HR did not change (Table 1 ).
DISCUSSION
We found that intrapulmonary infusions of BQ-123 (a selective ET A -receptor antagonist) as well as phosphoramidon (a nonspecific endopeptidase inhibitor of ECE-1) augment fetal pulmonary vasodilation during partial ductus arteriosus compression. Pulmonary blood flow is augmented with doses of BQ-123 that do not alter basal pulmonary hemodynamics. Flow is augmented during early (within minutes) as well as late (within hours) ductus arteriosus compression. These findings suggest that ET-1 activity increases rapidly during the early response to physiological stimulation of the ovine fetal lung circulation by increased pulmonary arterial pressure. Furthermore, endogenous production of ET-1 causes vasoconstriction in response to increases in pressure, and this effect is likely mediated by ET Areceptor stimulation. Thus ET-1 contributes to regulation and maintenance of high pulmonary vascular resistance in the ovine fetal lung and opposes the dilator response to mechanical increases in pressure.
ET-1, a potent endothelium-derived vasoactive peptide (55) , is present in the perinatal lung (34) and is vasoactive in the fetus (8, 23, 25, 44) ; however, its physiological role in the perinatal lung remains uncertain. Evidence suggests that ET-1 acts as a local autocrine and paracrine factor rather than as a circulating hormone. Circulating plasma concentrations of ET-1 are lower than those reported to be biologically active (12) , and secretion of ET-1 by endothelial cells is polar and directed abluminally toward the interstitial region (45) . Therefore, exogenous infusion of ET-1 may not accurately describe the hemodynamic effects of endogenous production of ET-1 in the fetal lung. Brief infusion of ET-1 causes potent vasodilation acutely (7, 31, (51) (52) (53) ; however, with prolonged infusion, hypertension prevails (8, 30) . The effects of ET-1 infusion are tone dependent; brief infusions of ET-1 cause vasodilation in the setting of high pulmonary vascular resistance, but vasoconstriction after pulmonary tone is decreased during mechanical ventilation (7) . However, other studies in the newborn piglet pulmonary vasculature have shown a biphasic effect of ET-1 with transient vasodilation followed by sustained vasoconstriction in the isolated perfused lung preparation with elevated tone from U-46619 (30) .
Some studies of exogenous infusion of ET-1 have emphasized that the major effect of ET-1 in the lategestation fetus is vasodilation and that the majority of ET-1-receptor activation in the ovine fetal lung is in the ET B1 receptors (7, 51) , which mediate only vasodilation (23) . In contrast, the present study and others (23, 46, 47) suggest that the ET A receptors play an important role in mediating vasoconstriction in the late-gestation ovine fetus. Intrapulmonary infusion of Big ET-1, the precursor to ET-1, causes progressive and sustained pulmonary hypertension without even transient vasodilation (23, 25) , suggesting that stimulation of endogenous ET-1 may have very different effects than brief exogenous infusions of ET-1. Blockade of the ET A receptors causes vasodilation (23, 51) , whereas selective blockade of the ET B1 (vasodilation) or ET B2 (vasoconstriction) receptors does not change basal pulmonary tone in the ovine fetus (24) . However, brief and prolonged stimulation of the ET B receptors with sarafotoxin S6c causes only vasodilation, suggesting the presence of only ET B1 receptors in the ovine fetal lung (23) . In contrast, studies in newborn piglets suggest the presence of both ET B1 (vasodilation) and ET B2 (vasoconstriction) receptors in the neonatal lung (40) . Interestingly, blockade of ECE-1 with phosphoramidon (23, 25) and combined ET A and ET B -receptor blocade with CGS-27830 or Ro-47-0203 (23, 50) do not change basal pulmonary tone in the ovine fetal lung. Recent studies (50) have shown that combined ET A -and ET B -receptor blocade with Ro-47-0203 does not change the increase in pulmonary blood flow or decrease in pulmonary vascular resistance with in utero oxygen ventilation, suggesting that endogenous ET-1 activity does not play a major role in the increased pulmonary blood flow during the normal transitional circulation at birth. With partial ductus arteriosus compression, blockade of ET-1 augments the initial pulmonary vasodilation, suggesting that ET-1 contributes to maintenance of pulmonary vascular tone in the fetus.
The pulmonary vascular response during ductus arteriosus compression is characterized by two processes: transient vasodilation followed by vasoconstriction and increased pulmonary vascular resistance. During ductus arteriosus compression, the initial increase is followed by a steady fall in pulmonary artery flow. Prior studies have shown that nitric oxide (11) and a dilator prostaglandin (1) contribute to the initial increase in pulmonary artery flow during partial ductus arteriosus compression. The present study further suggests that ET-1-mediated vasoconstriction opposes this dilator response, since the initial increase in pulmonary flow is augmented with ET-1 antagonists. Mechanisms contributing to the decline in pulmonary flow with prolonged ductus arteriosus compression remain unclear, but we speculate that the inability to sustain the release of nitric oxide or prostaglandins (1) or increased ET-1 activity contributes to the increase in pulmonary vascular resistance. Recent studies suggest that chronic pulmonary hypertension from ligation of the ductus arteriosus (2, 37) increases ET A -receptor activity and immunoreactive lung ET-1 content (24) .
The physiological effects of ET-1 depend on production of ET-1 and activation of different receptor subtypes. The ET A receptor is selective for ET-1 and ET-2 and is believed to be the receptor in vascular smooth muscle mediating vasoconstriction (4). BQ-123 potently and selectively binds to the ET A receptor (10, 21, 22) . ET-1 stimulation of the ET A receptor may contribute to maintenance of high pulmonary vascular resistance in the normal fetus (23, 46, 51) . Phosphoramidon is a nonselective metalloproteinase inhibitor of ECE-1 (17, 36) . Both BQ-123 and phosphoramidon markedly attenuate the rise in fetal pulmonary vascular resistance seen with Big ET-1, the precursor to ET-1 (23, 25) . Phosphoramidon does not change basal pulmonary tone in the ovine fetal lung (23, 25) , suggesting that stimulation of the ET A and ET B receptors may be more equivalent in the normal ovine lung. As a nonspecific endopeptidase, phosphoramidon may also increase circulating levels of atrial natriuretic peptide or bradykinin, causing vasodilation. These nonspecific effects of phosphoramidon limit its usefulness as an inhibitor of ECE-1.
Stimuli for increased ET-1 production include hypoxia (14, 15, 26, 29, 47) , increased pressure (20) , and increased shear stress (5, 27, 38, 41) . Initial reports of ET-1 release speculated that ET-1 was not rapidly released, as ET-1 was thought to be generated only by de novo synthesis with regulation of ET-1 production at the level of mRNA transcription (42, 55) . However, recent studies have shown that endothelial cells can store ET-1 and release preformed stores of ET-1 acutely (33, 35) . In the adult rat, the ET A -receptor antagonist BQ-123 completely blocks acute (within minutes) and chronic (within weeks) pulmonary vasoconstriction (9) . Furthermore, in the perinatal pulmonary circulation, ET-1 activity may increase rapidly in response to hypoxia (47) or increased pressure, as in this study. We have shown that ET-1 blockade augmented pulmonary vasodilation within 10 min of the increase in pulmonary arterial pressure caused by ductus arteriosus compression. We speculate that ductus arteriosus compression leads to increased pressure, which causes a rapid increase in ET-1-mediated vasoconstriction.
In summary, ET-1 antagonists augment pulmonary vasodilation during partial ductus arteriosus compression. We conclude that in response to mechanical increases in pressure ET-1 causes primarily vasoconstriction and that this effect may be mediated by ET A -receptor stimulation. We speculate that ET-1-mediated vasoconstriction contributes to regulation and maintenance of high pulmonary vascular resistance in the normal ovine fetal lung.
